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The estuarine environment often hosts a salt wedge, the stratification of which is a function of the
tide’s range and speed of advance, river discharge volumetric flow rate, and river mouth morphol-
ogy. Competing effects of temperature and salinity on sound speed in this stratified environment
control the degree of acoustic refraction occurring along an acoustic path. A field experiment was
carried out in the Columbia River Estuary to test the hypothesis: the estuarine salt wedge is acousti-
cally observable in terms of low-to-mid-frequency acoustic propagation. Linear frequency-
modulated acoustic signals in the 500–2000Hz band were transmitted during the advance and
retreat of the salt wedge during May 27–29, 2013. Results demonstrate that the salt wedge front is
the dominant physical mechanism controlling acoustic propagation in this environment: received
signal energy is relatively stable before and after the passage of the salt wedge front when the
acoustic path consists of a single medium (either entirely fresh water or entirely salt water), and suf-
fers a 10–15 dB loss and increased variability during salt wedge front passage. Physical parameters




The estuarine environment often hosts a salt wedge—
denser seawater advected by the rising tide under fresh
water discharged by the river. The nature of the stratifica-
tion is a function of the tide’s range and speed of advance,
river discharge volumetric flow rate, and river mouth mor-
phology (Dyer, 1998). When the fresh water is warm rela-
tive to the salt water, the competing effects of temperature
and salinity on sound speed may create a sound speed gra-
dient too small to cause acoustic refraction. When the fresh
water is cold relative to the salt water, both temperature and
salinity will contribute to create a stronger sound speed gra-
dient compared to that observed during summer.
Acoustically, this environment consists of two isospeed
layers separated by a thin, range- and depth-dependent,
high-gradient layer comprising the salt wedge front. While
this three-layer, very shallow water acoustic waveguide is
typically dominated by high-angle multipath propagation,
refraction occurring in the gradient layer has the potential
to facilitate the ducting of low-angle energy in the upper
layer and the creation of a shadow zone in the lower layer.
Additionally, the statistical variability of TL is expected to
increase due to the spatiotemporal dynamics of the salt
wedge structure as it advances and retreats on the rising and
falling tides.
Beyond these physics-based expectations of phenome-
nology, relatively few acoustical studies have been carried
out in rivers, estuaries, or other energetic environments;
nearly all acoustical work in such environments has been
done at higher frequencies, in the 10’s and 100’s of kHz.
Those few studies carried out in confined coastal and inland
waterways that are found in the literature have focused on a
variety of issues, including acoustic scintillation to estimate
current flow (Di Iorio and Farmer, 1994), active sonar sys-
tems for biological stock assessment and fisheries manage-
ment (Xie, 2000), homeland security applications (Stolkin
et al., 2006), acoustical communication (van Walree et al.,
2007), acoustical monitoring of tidal bores (Zhu et al.,
2010), marine mammal surveys (Dong et al., 2011), seasonal
trends in a large remote fjord (McConnell et al., 1992), rec-
reational boat noise in waterways (Haviland-Howell et al.,
2007), ambient noise in freshwater habitats (Wysocki et al.,
2007), high-frequency noise spectra in shallow brackish
water (Poikonen, 2010), long-term noise trends in large,
industrialized rivers (Vracar and Mijic, 2011), acoustical
monitoring of ship traffic (Fillinger et al., 2011), acoustic
attenuation properties in a river (Roh et al., 2008), site-
specific acoustic propagation models for the lower Hudson
River Estuary (Radhakrishnan, 2009), and acoustic quantifi-
cation of stratified turbulence in the Connecticut River
(Lavery et al., 2013).
Investigations of near-shore and in-shore environments
have, rightly, focused on geological, thermodynamic, and
hydrodynamic parameters of the estuarine/riverine environ-
ment, such as depth, width, bottom composition and mor-
phology, water temperature and salinity structure, tides,
current profiles, turbulence, and sediment transport. A com-
plementary acoustical characterization of the estuarine/river-
ine environment provides another layer of information to
facilitate a more complete understanding of the physical
environment.
To this end, a small acoustical field experiment was car-
ried out in the Mouth of the Columbia River (MCR) withina)Electronic mail: dbreeder@nps.edu
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the context of a larger hydrodynamic field experiment enti-
tled Rivers and Inlets II (RIVET II) funded by the Office of
Naval Research. The acoustical portion of RIVET II was car-
ried out during the second half of May, 2013 aboard the R/V
Oceanus, operated by Oregon State University (OSU). The
objective was to characterize the acoustical environment at
MCR, in terms of ambient noise field statistics and acoustic
propagation characteristics. This paper focuses on acoustic
propagation characteristics of 500–2000Hz linear
frequency-modulated (LFM) signals to test the hypothesis:
the estuarine salt wedge is acoustically observable at low-to-
mid frequencies.
The paper is organized as follows. Section II presents
information on the oceanographic environment and the in
situ data collected, Sec. III provides observations from the
data analysis, Sec. IV includes acoustic propagation model-
ing results, Sec. V contains discussion, and Sec. VI presents
conclusions.
II. ENVIRONMENTAL SETTING AND DATA
COLLECTION
The Columbia River is one of the major rivers of North
America; as the largest river on the west coast of the United
States, it drains a vast watershed of western North America,
approximately 669 000 km2 in area (Elias et al., 2012). The
estuary is classified as partially mixed (Neal, 1972) and mes-
otidal (Sherwood and Creager, 1990), possessing mixed di-
urnal and semidiurnal tides with a mean range of
approximately 2m (Neal, 1972) and maximum observed
ranges as great as 3.4m during spring tides (Gelfenbaum,
1983). The degree of stratification varies from weak (well-
mixed) to highly stratified with a salt wedge, depending on
tidal excursion and river flow. The overall surface area and
outflow of the estuary is markedly diminished relative to his-
torical values and highly regulated by numerous dams con-
structed upriver for irrigation, flood control, and hydropower
generation; however, the estuary remains a highly energetic
environment having strong tidal currents and large river vol-
umetric flow rates, the variability of which can be described
by three “seasons” possessing differing flows. The fall sea-
son (August to November) is characterized by the lowest
flows. The winter season also has generally low flows, punc-
tuated by short periods of high flows due to precipitation
from winter storms. This field experiment was carried out
during the spring, when river flows are the highest
(Sherwood and Creager, 1990). River flow at the mouth has
an annual average of approximately 7300 m3/s and varies
from an average summer-fall low of 2500 m3/s to a spring
freshet of about 11 000 m3/s, when associated peak tidal sur-
face velocities are typically 2.6m/s and often exceed 3m/s
during ebb tide. Very rough surface conditions can be pro-
duced via wave-current interaction by predominantly west-
erly winds and ocean swells during ebb tides: significant
wave height averages 1.2m during summer, but averages
3m in winter, and can exceed 14m during heavy winter
storms (Elias et al., 2012).
The asymmetrical ebb-tidal delta extends 7 km east of
the river mouth and 15 km along the coast. Average annual
sediment discharge by the Columbia River is about 7.6 106
metric tons, which is lower than historical values prior to
dam construction, indicating that a significant amount of
sediment remains trapped in upstream man-made reservoirs.
Most of the sediment transported to the river mouth consists
of locally sourced sand from adjacent bays, tributaries and
the estuarine shoreline. Bottom sediment is predominantly
fine sand with a mean grain size of 2.75/ (0.149mm)
(Sherwood and Creager, 1990). The river is dredged continu-
ously spring through fall each year to maintain a 17m deep
navigational channel for the safe passage of commercial
ships transporting cargo upriver to several major ports
(Sherwood et al., 1990; Elias et al., 2012). Due to high flow
rates and available sediment, bedforms having amplitudes
between 0.7 and 2.1m and wavelengths between 20 and
90m have been observed in various places in MCR
(Gelfenbaum et al., 2014).
The experimental area spanned from several kilometers
west of the North Jetty and South Jetty at the river mouth to
points just west of the A-M bridge in the North Channel
(Fig. 1). During flood and ebb, the salt wedge advances and
retreats through the river mouth. Figure 2 shows the surface
expression of the salt wedge front on May 27 during flood
near high tide. The picture was taken from the ship at Station
S2, looking east toward Jetty A at the southern tip of Cape
Disappointment. It can be seen in the figure that the salt
wedge is a very three-dimensional feature: the deep shipping
channel depicted in the navigation chart in Fig. 1 appears to
“channel” the denser water of the salt wedge into the center
of the estuary, creating a semi-circular salt wedge front sur-
face expression. Well before the tide reverses, the less-dense
river water makes its way around the north and south sides
of the salt wedge front surface expression, creating a thin
fresh water layer above the salt water. The convergence of
the advancing ocean tide against the strong river outflow
generates highly dynamic circulation and turbulence (Jay
and Smith, 1990). This turbulent convergence of the two
water masses is evident in Fig. 3 showing the salt wedge
front surface expression, which is characterized by confused,
breaking waves (Thomson et al., 2014). There is also signifi-
cant downwelling at the front, enhancing bubble subduction,
which has a potential impact on acoustic propagation.
Hydrophones, temperature and pressure sensors, and
acoustic current meters were moored at multiple locations
throughout the experimental area. CTD casts were conducted
throughout the experiment, the data from which were pro-
vided to the Center for Coastal Margin Observation and
Prediction (CMOP) in Portland, OR for validation of their
river forecast model, predictions from which were used as
environmental input to acoustic propagation modeling (dis-
cussed in Sec. IV).
During a procession and a recession of the salt wedge
during May 27–29, 2013, acoustic signals were transmitted
from an acoustic source deployed over the side of the ship at
Station S2 and observed by a hydrophone mounted on a tri-
pod 1m above the riverbed at Station A5 (Fig. 1). The sur-
face condition during both periods consisted of locally
generated wind waves and ocean swell entering the estuary
from the southwest. This 1.36 km long acoustic transect,
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transverse to the direction of salt wedge movement, was stra-
tegically chosen to provide the optimal geometry to observe
the refractive properties of the salt wedge. The 2-s long, lin-
ear frequency-modulated (LFM) acoustic signals were trans-
mitted in the 500–2000Hz band once every 10 s and
received at the hydrophone using a sampling frequency of
27.33 kHz. The received signals are match-filtered in the fre-
quency domain. The matched-filter approach increases tem-
poral resolution, improves SNR, acts as an in-band noise
filter, and results in the multipath arrival structure of the
compressed pulse (i.e., pulse response), measured as a func-
tion of time. The sound energy level (SEL) is defined as





dB re 1lPa2  s; (1)
where p(t) is the matched-filter output and T is the integra-
tion period equal to 0.5 s. The results presented here focus
on data from one flood and one ebb during this period.
III. OBSERVATIONS
A. Ebb
Figure 4 presents data collected during ebb on May
28–29. The top panel shows sound speed as a function of
depth (m) and range (m) along the acoustic path between the
source at Station S2 and the receiver at Station A5. This
across-channel transect is shown looking from west to east
into the estuary as the salt wedge recedes from the estuary.
Using the Chen-Millero equation, the sound speed is con-
verted from temperature and salinity profiles provided by
FIG. 2. (Color online) Surface expres-
sion of the salt wedge front on May 27
during flood near high tide. The picture
was taken from the ship at Station S2,
looking east toward Jetty A at the
southern tip of Cape Disappointment.
FIG. 1. (Color online) Mouth of the
Columbia River: Inset shows Station
S2 where the acoustic source was
deployed over the side of the ship, and
Station A5 where the receiver was
deployed on a tripod 1m above the riv-
erbed. The acoustic transect was
1.36 km long. Note the asymmetry of
the estuary.
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CMOP (Chen and Millero, 1977). The source is depicted on
the left at 4m water depth and the receiver is depicted on the
right 1m above the riverbed. The CMOP model output was
provided in 36 s increments, and this particular profile is the
one for 0245Z on May 29, which is the approximate time at
which the acoustic source occupies the depth of greatest
sound speed gradient. The bathymetry is based upon United
States Geological Survey (USGS) multi-beam echosounder
bathymetric surveys conducted in 2012 and provided by
CMOP. In this particular profile, depth varies from 16m at
Station S2 to a maximum of 27m in the center of the chan-
nel, back up to 17m at Station A5; modeled sound speed
varies from a minimum of 1476m/s on the southern side of
the transect near the surface above the receiver at Station A5
to a maximum sound speed of 1490m/s near the riverbed in
the northern portion of the navigation channel.
The middle panel shows sound speed (m/s) as a function
of depth (m) from CTD profiles collected on a Castaway
CTD hand-deployed over the side of the ship in approxi-
mately 15-min intervals during the 6-h acoustic transmission
period from 2300Z on May 28 to 0500Z on May 29. Sound
speed is observed to vary between 1460 and 1490m/s pri-
marily due to the salinity variation of 28 psu, while tempera-
ture varied by only 1.5 C. Note that as the salt wedge
recedes during ebb, 0245Z is the approximate time at which
the source at 4m water depth moves from salt water to fresh
water.
The bottom panel shows 1-min averaged relative signal
energy level (SEL) in dB re 1 lPa2s (normalized to the
maximum SEL during the 6-h observation period) observed
at Station A5 vs time on the same scale as shown in the mid-
dle panel. SEL is relatively stable prior to 0100Z, decreases
10 dB during a 1[1/2] hour period, reaches a minimum at
0230Z, then rapidly increases 10 dB during a 45min pe-
riod, finally returning at 0315Z to approximately the same
level as observed prior to 0100Z. Except for the large, anom-
alous nulls occurring at 0125Z and 0150Z during the
1[1/2] hour period of decreasing SEL, the SEL variability
remains relatively constant throughout the 6-h period. The
sound speed gradient during ebb, while significant, is weaker
than during flood, as discussed in Sec. IV.
B. Flood
Figure 5 follows the same structure as Fig. 4 but
presents results for flood on May 27. The top panel shows
sound speed for the same acoustic transect between Stations
S2 and A5, with the acoustic source deployed at 7m water
depth and the receiver in the same location 1m above the
riverbed. The CMOP model output timestamp is 1915Z in
this case, which is the approximate time at which the acous-
tic source occupies the depth of greatest sound speed gradi-
ent. Modeled sound speed varies from a minimum of
1460m/s in the near-surface waters across the entire transect
to a maximum sound speed of 1490m/s in the lower portion
of the water column across the northern portion of the navi-
gation channel. This asymmetry in sound speed across the
acoustic transect (in both ebb and flood) reflects the geo-
graphical asymmetry of the navigation channel mentioned in
Sec. II and shown in Fig. 1.
The middle panel again shows sound speed (m/s) as a
function of depth (m) computed from the Castaway CTD
deployed over the side of the ship in approximately 15-min
intervals during the 6-h acoustic transmission period from
1530Z to 2130Z on May 27. Sound speed is observed to vary
between 1460 and 1490m/s primarily due to the salinity var-
iation of 28 psu, while temperature varied by only 1.5 C.
Note that as the salt wedge advances during flood, 1925Z is
the approximate time at which the source at 7m water depth
moves from fresh water to salt water.
The bottom panel shows relatively stable SEL prior to
1700Z; SEL then slowly decreases approximately 15 dB dur-
ing a 2[1/2] hour period, reaches a minimum at approxi-
mately 1925Z, then rapidly increases 15 dB during a 1 h
period, finally returning at 2030Z to approximately the same
level as observed prior to 1700Z. SEL variability during the
period of decreasing and increasing SEL (1730Z–2030Z)
is greater than the variability at the beginning and end of the
transmission period.
IV. ACOUSTIC MODELING
In order to provide insight into the physics of the acous-
tic propagation through the salt wedge, the 2D Bellhop
FIG. 3. (Color online) The turbulent convergence of the advancing ocean
tide against the strong river outflow is evident in the salt wedge front surface
expression, characterized by confused, breaking waves and downwelling of
the salt water under the fresh river water.
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coherent Gaussian beam acoustic propagation model (Porter
and Bucker, 1987) was employed to compute band-averaged
TL between the source at Station S2 and the receiver at
Station A5 for the entire acoustic transmission period during
flood on May 27. In the cross-range direction, the bathyme-
try was modeled as planar. In the along-path direction, the
environment was modeled as range-dependent in terms of
water column sound speed and bathymetric depth, and
range-independent in terms of the geoacoustic parameters of
the seabed and a planar sea surface. Range-dependent sound
speed and bathymetry were derived from the CMOP profiles
of temperature and salinity. The geoacoustic parameters
associated with the predominantly fine sandy sediment with
mean grain size of 2.75/ (0.149mm) were a sound speed (c)
of 1620m/s, density (q) of 1.83 g/cm3, and attenuation (a) of
0.365 dB/m (Sherwood and Creager, 1990; Zhou et al.,
2009). An omnidirectional point source was modeled to rep-
resent the source used during the field experiment.
Figure 6 shows the same observed relative SEL during
flood on May 27 as shown in Fig. 5. The thicker solid line
represents acoustic propagation modeling results in terms of
modeled SEL received at the hydrophone at Station A5
based on CMOP temperature and salinity profiles in 360-s
increments, computed every 5Hz at a spatial resolution of
[1/4] acoustic wavelength, and averaged across the
500–2000Hz band. While appearing straight-forward, it is
worth noting that this model result required 36 421 model
runs, each of which consumed 1–4 CPU hours, totaling
approximately 100 000 CPU hours. The modeled SEL shows
a similar trend as the data: A relatively stable SEL prior to
1700Z, a slow decrease during a 2[1/2] hour period reaching
a minimum at approximately 1920Z, followed by an increase
over a 1 h period to approximately the same level as
observed prior to 1700Z. While showing similar trends, the
modeled SEL decreases by only 6–8 dB, significantly less
than the 15 dB decrease observed in the data.
V. DISCUSSION
Before the entrance of the salt wedge during flood (Fig. 5),
the acoustic transect is composed of nearly isospeed fresh
water which supports the SEL observed prior to 1700Z. As
the salt wedge front crosses the acoustic transect along the
riverbed, the higher speed water in the salt wedge causes a
slowly increasing amount of the acoustic energy to be
refracted up and away from the receiver at Station A5, with
some energy being trapped in the thin near-surface fresh water
layer above the salt wedge (Reeder, 2013). When the salt
wedge front passes the acoustic source at 1915–1930Z, the
strong sound speed gradient in which the acoustic source is
located causes the greatest degree of acoustic refraction of the
entire period, resulting in the lowest observed SEL at Station
A5. As the source enters the salt wedge and the acoustic tran-
sect is increasingly composed of salt water, the SEL observed
at A5 rapidly increases and finally attains its pre-salt wedge
passage level. A nearly identical process occurs during ebb
tide as the salt wedge recedes, as seen in Fig. 4, but the
stratification is weaker during ebb than flood. The weaker
FIG. 4. (Color online) (a) Modeled
sound speed (m/s) vs depth (m) and
range (m) along the S2-A5 acoustic
transect at model time 0245Z on May
29, 2013. This across-channel transect
is shown looking from west to east into
the estuary. The solid circle on the left
marks the position of the acoustic
source 4m below the surface. The
solid circle on the right marks the posi-
tion of the acoustic receiver mounted
on a tripod 1m above the riverbed at
Station A5. (Modeled sound speed
courtesy of CMOP.) (b) Sound speed
(m/s) vs depth (m) and time (Z) at
Station S2 based on multiple CTD
casts during the 6 h period of the
acoustic transmissions shown in the
lower panel. (c) Relative signal energy
level (dB re 1 lPa2 s) vs time (Z)
observed at Station A5 on May 28–29.
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sound speed gradient causes weaker upward refraction,
resulting in a smaller decrease of 10 dB in SEL observed at
Station A5.
The acoustic propagation modeling supports this inter-
pretation; however, modeled SEL decreases by less than that
observed in the data. Differences between modeled and
observed SEL are likely due to several potential factors: (1)
As mentioned earlier, the salt wedge front is a very three-
dimensional feature, so the higher-speed water of the salt
wedge not only refracts the acoustic energy up and away
from the receiver at Station A5, but also refracts the energy
out of plane and to the left (upriver) as the salt wedge front
occupies the acoustic transect. Additionally, the riverbed
slopes to the east between Station S2 and Station A5.
Acoustic energy interacting with the sloping riverbed will be
reflected out of plane to the east (regardless of the presence
or absence of the salt wedge). This 3D acoustic propagation
consisting of horizontal refraction by the water column and
horizontal reflection by the riverbed is not accounted for in
the 2D acoustic model. (2) The Gaussian beam model is not
a full-physics model and does not properly represent all
propagation loss mechanisms, such as diffraction and geo-
metrical dispersion (Etter, 2003), resulting in an under-
prediction of TL. (3) The acoustic modeling is dependent
upon how accurately the environmental input represents the
actual conditions. It has been observed in other studies
(Geyer, 2014) that the observed salinity gradients in situ at
MCR are greater than what are represented by the modeled
salinity profiles. The weaker-than-actual gradients in the
environmental input to the acoustic model result in an under-
prediction of the degree of refraction that is actually occur-
ring. (4) The accuracy of the geoacoustic parameters used to
represent the riverbed is important. If the modeled parame-
ters represent a riverbed that is less lossy than actual, the
model will underpredict higher-angle energy loss and, conse-
quently, the amount of SEL decrease during salt wedge
FIG. 5. (Color online) (a) Modeled
sound speed (m/s) vs depth (m) and
range (m) along the S2-A5 acoustic
transect at model time 1915Z on May
27, 2013. The solid circle on the left
marks the position of the acoustic
source 7m below the surface. The
solid circle on the right marks the posi-
tion of the acoustic receiver mounted
on a tripod 1m above the riverbed at
Station A5. (Modeled sound speed
courtesy of CMOP.) (b) Sound speed
(m/s) vs depth (m) and time (Z) at
Station S2 based on multiple CTD
casts during the 6 h period of the
acoustic transmissions shown in the
lower panel. (c) Relative signal energy
level (dB re 1 lPa2 s) vs time (Z)
observed at Station A5 on May 27.
FIG. 6. (Color online) Modeled SEL
(dB re 1 lPa2 s) received at the hydro-
phone 1m above the riverbed at
Station A5 for each of the CMOP pro-
files in 360-s increments during flood
on May 27, and observed SEL (thinner
line) during the same period [identical
to Fig. 5(c)].
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passage. (5) The sea surface condition was modeled as pla-
nar, which is inconsistent with actual conditions; the very
localized, roughened sea surface associated with the passage
of the salt wedge front causes acoustic scattering and dimin-
ishes the coherence of the observed signal, resulting in an
observed SEL lower than modeled with a planar sea surface.
In addition to overall levels and trends of received sig-
nal energy, another phenomenon of interest is the increased
SEL variability during the period when the salt wedge front
occupies the acoustic transect. Potential mechanisms con-
tributing to this variability include: (1) While the sound
speed was not sampled along the acoustic transect during the
FIG. 7. (Color online) Sound speed
(m/s) and associated predicted TL (dB
re 1 lPa2 s) as a function of depth (m)
and range (m) for three waveguide
conditions: (1) before the entrance of
the salt wedge with an unstratified, iso-
speed (1462m/s) waveguide [(a), (b)];
(2) during the advance of the salt
wedge on the rising tide with a
12–15m thick freshwater layer above
the seawater [(c), (d)]; and (3) later in
the tidal cycle with a 7–9m thick
freshwater layer above the seawater
[(e), (f)]. The TL is computed for a
1250Hz source at 7 water depth, using
the same environmental parameters
employed for Fig. 6.
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transmission period, it is reasonable to expect that the turbu-
lent convergence of the advancing ocean tide against the
strong river outflow and the subsequent overturning and mix-
ing increases the variability of the sound speed structure,
resulting in increased variability in the observed SEL. (2)
Internal waves have been observed to propagate on top of
the salt wedge (McNeil et al., 2012), which is another source
of sound speed structure perturbation that would further
increase the variability of the observed SEL. (3) Dynamic
surface conditions over the course of the observation period,
as well as acoustic scattering and absorption by subducted
bubbles from breaking waves and downwelling at the salt
wedge front surface expression seen in Figs. 2 and 3 could
contribute to the variability. (4) As mentioned earlier, bed-
forms have been observed in the estuary; in fact, the largest
bedforms observed in 2013 are located immediately east
(upstream) of the acoustic transect. Bedform-induced oscil-
lations in the ebb current would contribute to fluctuations in
the sound speed structure, resulting in increased variability
in the observed SEL. (5) Significant populations of fish of
various species occupy and transit through MCR. Fish, par-
ticularly those with swimbladders, scatter and absorb sound
in the frequency band used in this field experiment
(Diachok, 1999; Reeder and Stanton, 2004). The presence of
fish schools of dynamic sizes and shapes would certainly
contribute to a reduction in observed SEL as well as variabil-
ity. Each of these mechanisms requires further investigation.
The preceding discussion is focused on acoustic energy
observed at the receiver near the riverbed. While not directly
observed in this field experiment, acoustic modeling demon-
strates that some of the acoustic energy refracted upward by
the salt wedge is trapped in the fresh water surface duct
above the salt wedge. To illustrate this mechanism and to
support the interpretation of the propagation mechanisms
discussed earlier, Fig. 7 shows sound speed (m/s) and associ-
ated predicted TL (dB re 1 lPa2 s) as a function of depth (m)
and range (m) for three waveguide conditions: (1) before the
entrance of the salt wedge with an unstratified, isospeed
(1462m/s) waveguide [(a), (b)], (2) during the advance of
the salt wedge on the rising tide with a 12–15m thick fresh-
water layer above the seawater [(c), (d)], and (3) later in the
tidal cycle with a 7–9m thick freshwater layer above the sea-
water [(e), (f)]]. The TL is computed for a 1250Hz source at
7 water depth, using the same environmental parameters
employed for Fig. 6. The isospeed waveguide in Fig. 7(a)
supports the acoustic field seen in Fig. 7(b) containing only
geometrical spreading and scattering, and no refraction. As
the salt wedge advances into the estuary, the stratified wave-
guide in Fig. 7(c) begins to refract some of the acoustic
energy up and away from the riverbed in the center of the
channel. By the time the stratification approaches the depth
of the source later in the flood tide as shown in Fig. 7(e), the
surface duct is thinner yet traps a significant portion of the
acoustic energy above the salt wedge as seen in Fig. 7(f).
Once the salt wedge advances to the point where salt water
fills the water column along the entire acoustic transect, the
waveguide returns to isospeed conditions and the acoustic
field returns to what is seen in Fig. 7(b).
Further acoustic modeling (not shown here) demon-
strates that this acoustic ducting in the near-surface fresh
water layer is time and frequency dependent: as the salt
wedge advances on the flood, lower frequency energy is ini-
tially trapped but then progressively escapes as the surface
duct thins with the advancing tide. In terms of SEL vs time,
the slow decrease over the two hour period between 1700Z
and 1930Z in Fig. 5(a) is initially partially due to ducting of
lower frequency energy, followed by ducting at progres-
sively higher frequencies; by the end of the period at high
tide when the acoustic transect is composed completely of
salt water, there is no longer a surface duct (nor vertical or
horizontal refraction), causing the SEL to reach approxi-
mately the same level as observed before the entrance of the
salt wedge. Future investigations will include 3D acoustic
propagation modeling and modal analysis of this layered
waveguide.
VI. CONCLUSIONS
A field experiment was carried out in the Columbia
River Estuary during May 27–29, 2013 to acoustically
observe the propagation characteristics of the estuarine salt
wedge. During one flood and one ebb, linear frequency-
modulated (LFM) acoustic signals in the 500–2000Hz band
were transmitted by an acoustic source deployed over the
side of the ship at Station S2 and observed by a hydrophone
1.36 km distant at Station A5.
Observations and associated acoustic modeling results
demonstrate that the salt wedge front is the dominant physi-
cal mechanism controlling acoustic propagation in this
environment: received signal energy is relatively stable
before and after the passage of the salt wedge front when
the acoustic path consists of a single medium (either
entirely fresh water or entirely salt water), and suffers a
10–15 dB loss and increased variability in a dual-media
environment during salt wedge front passage due to vertical
and horizontal refraction of energy up and out-of-plane
from the receiver. Phenomenologically, acoustic propaga-
tion characteristics of the estuarine environment, in terms
of average energy level and variance, will depend upon the
position of the source and receiver relative to the salt
wedge, acoustic frequency and environmental parameters,
including the three-dimensional salt wedge-induced sound
speed gradient, riverbed sediment acoustic properties and
morphology (e.g., bathymetry, bedforms), dynamic surface
conditions with downwelling, subducted bubbles, mixing
and turbulence at the front, and potential presence of
migrating fish and internal waves propagating along the
density contrast interface. Future work will seek to quantify
the contribution of each of these physical mechanisms to
estuarine acoustic propagation characteristics.
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